Using pyridine as an example, a thermodynamic analysis of the low temperatures adsorption of aromatic organic molecules with a N atom on the Si(100) surface is presented. This study is restricted to the case of an equilibrium with the gas phase. Dative attachment which is the only way to preserve aromaticity is the more stable form of adsorbed pyridine in dilute solutions at low temperatures. Two factors limit the domain of stability of dative attachment: repulsive interactions between dative bonds prevent them from being present in concentrated solutions while aromaticity contributes to a decrease in the entropy, which explains the vanishing of dative bonds at high temperatures even in dilute solutions.
I. INTRODUCTION

A. Goal of the present paper
Due to its potential importance in electronic devices, quite a few studies have been devoted to the functionalization of semiconductor surfaces with organic molecules 1 and particularly with aromatic molecules. 2, 3 An important subgroup of semiconductor surfaces is constituted by the (100) surfaces of Si and of Ge. 4, 5 An essential feature of these (100) surfaces is the buckling observed in Si and more markedly in Ge. 6, 7 The reconstruction of the Si(100) and of Ge(100) surfaces leads to a transfer of a fraction of one electron from the down to the up atom in the dimer. In a general way, the adsorption does not preserve the aromatic character of organic molecules because of the formation of covalent bonds. This destruction of aromaticity is avoided if none of the π delocalized electrons of the adsorbed molecule is involved in the formation of the bond between the substrate and the adsorbed molecule. This is the case if we have formation of a dative bond generated via a Lewis acid-base reaction between the lone pair of electrons and the down dimer atom. Examples are heterocycles with an N atom such as pyridine 8, 9 and pyrazine 10 or a S atom such as thiophene. 11 Dative-bonded adducts are frequently observed only at low gas exposure and at low temperatures. It is generally believed that the adsorption occurs in a first step through a dative bond followed by the apparition of other structures 8, 10, 12, 13 leading to the vanishing of dative bonds. It is not clear if this transformation is due to a thermodynamic constraint or to a kinetic mechanism.
14 In the present study we only discuss the thermodynamic aspect, which is far from being known. This paper aims to improve our understanding of the role played by the dative bond and its relation with other configurations. In this respect, it appeared to us that the best candidate for this study is the pyridine a) Electronic mail: romain.coustel@iemm.univ-montp2.fr. b) Electronic mail: stephane.carniato@upmc.fr. c) Electronic mail: gerard.boureau@upmc.fr. C 6 H 5 N adsorbed on Si(100) which has a number of distinctive advantages:
1. Its resonance energy is quite large. 2. The dative configuration is in competition with a number of other configurations, which allows a general discussion. 3. Pyridine is a tertiary amine with an aromatic ring, which allows a comparative study with similar compounds.
B. Organization of this paper
After a rapid description of the computational details which are pretty standard, and a summary discussion of the essential features of the reconstruction of the Si(100) surface, we shall present calculation of the heat of adsorption, H, of a single pyridine molecule in not only dative but also tetra-σ and di-σ configurations. Then we shall discuss how the dative configuration with its sole Si-N bond is able to compete with configurations owning two or four σ bonds. This will lead us to discuss the thermodynamic aspect of aromaticity (enthalpy and entropy). Then we will deal with the interactions between adsorbed molecules which cannot be neglected in high coverage surfaces.
C. Computational details
In a recent review, Hafner 15 has discussed the use of ab initio density functional investigations to the adsorption and reaction of organic molecules on solid surfaces. The surface is modeled by a periodic slab geometry. In most cases, following the majority of previous studies, we have used a 4 × 2 cell, which is the more natural choice. This choice allows us to take into account the c(4 × 2) reconstruction as well as the p(2 × 2) reconstruction but has the drawback that periodic limit conditions impose quite small distances in one direction for self-interactions. In some cases, we have been led to use a larger cell (section 4 × 4 = 16 atoms). We have used the Vienna ab initio simulation package (VASP) (Refs. 16 and 17) which is a DFT code which solves the Kohn-Sham equations 18 in a plane-waves basis set. Our technical choices are similar to several other lattice calculations devoted to organic molecules adsorbed on Si (100): 13, 19, 20 -A cutoff energy for the plane-waves basis equal to 450 eV has been used. -The system has been considered at equilibrium when the Hellmann-Feynman forces are smaller than 20 meV/Å. -The thickness of the vacuum region between two slabs has been chosen equal to 13 Å. -We have used the projector-augmented wave (PAW) method of Blöchl 21 such as implemented by Kresse and Joubert. 22 The exchange-correlation functional of Perdew et al. 23 has been used. -Brillouin-zone integrations have been performed using a 4 × 3 × 1 grid of Monkhorst-Pack special points 24 including the point (7 irreducible k-points).
No correction for zero-point energy has been made as the small corrections would cancel in the comparison between the stability of various configurations.
D. Buckling and reconstruction
As discussed elsewhere, 20 the buckling of the Si dimers is a key factor for understanding the adsorption of polar molecules on the Si(100) surface. As stated by Cardillo and Becker 25 and by Chadi, 26 the building blocks of the various reconstructions are asymmetric dimers leading to c(4 × 2) and p(2 × 2) surfaces having similar energies and which are readily interconverted as the difference is simply in the phases of adjacent rows. At a temperature around 200 K we have an order-disorder transition. [27] [28] [29] Above 200 K, only short range order is kept. Our calculations are consistent with this picture: we find the c(4 × 2) configuration more stable with difference of energy smaller than 0.004 eV for cells containing 112 Si atoms, which is certainly less than the accuracy of our calculations. We shall see that things may be quite different for decorated lattices.
II. ADSORPTION ENERGIES OF A SINGLE PYRIDINE MOLECULE ON Si(100)
A. Overview
For the sake of consistency with earlier studies, we have used the nomenclature of the pioneering work of Tao et al. 8 who studied the 12 structures seen in Fig. 1 .
In fact, this list is not exhaustive and we have added four more structures belonging to the di-σ family: -Intrarow configurations: for instance, pyridine connected to both Si 1 and 2 atoms of Fig. 2 (configurations IV-B and V-B). -Cross-trench configurations: for instance pyridine connected to both Si 4 and 6 atoms of Fig. 2 (configurations IV-C and V-C). Henceforth, the configurations IV described by Tao et al. 8 will be named IV-A. In fact for a single molecule, the adsorption energies are very similar for p(2 × 2) and c(4 × 2) reconstructions. A notable exception is the IV-C configuration which can be observed only for the p(2 × 2) reconstruction because of the polarity of buckled Si atoms.
It is convenient to divide the different structures into four groups:
1. The dative bond. 2. Three cycloadducts very high in energy not discussed in the present study. 3. The six tetra-σ configurations (tetrapods). 4. The six di-σ configurations (butterflies). Calculations have been reported only for the three mode IV configurations.
Calculated heats of adsorption have been reported in Table I 10 it can be concluded that the error done by neglecting the zero point energy correction (ZPE) is small: 0.06 eV for the dative configuration for instance. This error has only limited consequences as we are interested in the hierarchy of the energies of the different structures rather than in the absolute values.
Even this last objective can hardly be fulfilled as several configurations have very similar energies. For instance, it can be seen from Table I that five tetra-σ configurations are in the range 1.19 ± 0.11 eV (configurations VI-X).
Among the tetra-σ compounds, we find the mode VIII as being the most stable, in agreement with several studies. 8, 13 Among the di-σ compounds, we find the mode IV-C as being the most stable. This result is interesting as this structure had not been considered up to now.
From calculations reported in Table I , it may be concluded that the dative configuration is the one having the lowest energy, which is an uncommon result. Generally, structures with two, three, or four bonds are more stable: for instance, in acrylonitrile, 19, 20 the dative bond is far from being the most stable one. Moreover this result is at variance with the lattice calculations of Kim et al., 13 and also with the cluster calculations of Tao et al., 8 who find the mode VIII to be energetically more favorable. In order to draw firm conclusions, in Sec. II B, we shall discuss the specificity of the dative bond in the adsorbed pyridine on Si(100) and in a subsequent paragraph, we shall compare in detail dative and mode VIII configurations.
B. Specificity of the dative bond in the adsorbed pyridine on Si(100)
At the present time, it is generally accepted that the dative bond is not just an ordinary covalent bond but has some distinct features: 31 significant polarity, lesser strength, and greater length.
The adsorption energy is correlated to the extent of the transfer of the doublet to the down atom of the Si dimer. This is clear from the values gathered in Table II which compares the heat of adsorption for cyanogen halides. The higher the electronegativity of the halogen, the smaller the heat release.
The adsorbtion energy of pyridine is much much more negative than the one calculated for the cyanogen iodide in spite of the small electronegativity of the iodine element, which is an indication of the avidity of the nitrogen atom of pyridine for the down silicon atom which is confirmed by the comparison of heat effects for different nitrocarbides which is detailed in the next paragraph.
From Table III , it is clear that, as shown by Cao and Hamers, 34 the conjugation involving the Si=Si double bond on the Si(100) and a double bond of the adsorbed molecule (methyleneimmine, pyridine) enhances the exothermicity while the absence of conjugation in keteneimmine is consistent with the small value of the heat release calculated in this case. Now let us turn to comparison with ammonia. The pK a of ammonia is significantly larger than the one of pyridine (cf . Table IV) . In other words, the electronic doublet will be loosely tied for ammonia compared to pyridine. We may expect a larger heat effect for ammonia. In fact, it is not so. From this paragraph, it is clear that the loose bond of the electronic doublet to the N atom is not enough to explain the large heat effect associated to the binding of pyridine with down silicon. It is a new example of the role played by the conjugation of the weak Si=Si bond with the aromatic ring. This characteristics overcomes the handicap of the weak basicity of pyridine compared with ammonia.
Up to now, we have seen that the adsorption reaction of pyridine on Si(100) via a dative bond is more exothermic than found in most of similar reactions. Now let us examine how it is possible to explain why such a reaction is more exothermic than all the other competing addition modes. Let us discuss first the comparison with mode VIII configuration which has been found more favorable in two earlier studies. 8, 13 
III. DATIVE VS MODE VIII CONFIGURATIONS
A. Decomposition of the thermal effect into elementary contributions
Following the method used by Cobian et al., 19, 20 we have roughly analyzed the different contributions to the calculated heat release for both configurations. This analysis is presented in Fig. 3 .
We may schematically consider three contributions detailed in Table V for the dative and the mode VIII configuration: two endothermic contribution ( deformation of the molecule and of the lattice) and an exothermic effect due to the formation of a chemical bond. The endothermic contributions are evaluated by calculating separately the energies of the fragments, lattice and pyridine of the relaxed adsorbed system. 
B. Reconstruction and coverage
As stated above, the drawback of the 4 × 2 cell used to obtain the results gathered in Table I is that periodic limit conditions impose quite small distances in one direction for self-interactions. A way to overcome this limitation is to use a larger cell, for instance 4 × 4 cell. In this way, we have to handle 4 × 4 × 7 = 112 Si atoms. Moreover, we have to consider separately the two reconstructions c(4 × 2) and p(2 × 2). Eight calculations have been performed: Dative and mode VIII configurations in a 4 × 2 cell and in a 4 × 4 cell for both reconstructions. Results are reported in Fig. 4 .
In dilute solutions, the difference of energy between adsorbed pyridine in both reconstructions may be attributed to small differences in electrostatic interactions: For instance, the distance between negatively charged atoms N and Si 2 ( Fig. 5) is 3.24 Å in p(2 × 2) reconstruction and 3.36 Å in c(4 × 2) reconstruction. Several features on this figure are noteworthy:
-For both cells and for both reconstructions, the dative configurations are more stable than mode VIII configurations. -Dative configuration favors c(4 × 2) reconstruction as observed in STM studies.
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-Interactions between adsorbed molecules are attractive, except for the dative molecules adsorbed on c(4 × 2) reconstructed Si. -The energy difference between dative and mode VIII configuration is larger for dilute solutions: The difference which is only 0.11 eV calculated with an eight atoms cell is 0.24 eV for a large cell. This casts some doubt on energy calculations made with small cells or with small clusters.
C. Role of aromaticity
For our purpose, the more convenient scale is the oldest one based on the purely thermodynamic approach of Kistiakowsy et al. 38, 39 We shall define the aromaticity thermodynamic quantities by reference to Kekule-like localized bonds. Let us examine how this approach applies to benzene which is the prototype of aromatic molecules. Reliable thermodynamic data are available for the three molecules involved in the calculation of the resonance energy (see Table VI ). Let us define the exothermic aromaticity energy E arom as:
FIG. 5. Dative p(2 × 2).
In other words, we define E arom as equal to -E res with E res equal to the experimental resonance energy. The large enthalpy effect is the sum of several contributions, 39 the major ones being the exothermic delocalization of electrons and the endothermic energy required to equalize the bond lengths in the reference compound.
The aromaticity allows the enthalpy to decrease by 1.57 eV. In principle, the same method may be used to evaluate the aromaticity energy E arom of pyridine. But reliable experimental thermodynamic data are lacking, especially for tetrahydropyridine. In his study, Stewart 44 quotes two determinations of the formation enthalpy of tetrahydropyridine: -An experimental determination: 1.46 eV reported in the NIST chemistry webbook. 45 -A semi-empirical quantum calculation: 0.31 eV obtained from the MOPAC2 package 46 using a NDDO (neglect of diatomic differential overlap) methods.
Following the conclusions of Stewart, the National Institute of Standards and Technology (NIST) reports the value of 0.31 eV for the enthalpy of formation of 1,2,3,6-tetrahydropyridine. In view of this discrepancy and as semiempirical quantum methods are known to be unreliable for energy determinations, 47 we have preferred to use the group increment method proposed by Tjebbes 48 and by Vogel. 47 In this method, it is predicted that the substitution of a C-C bond by a C=C bond will have the same effect for the ther- 
In this way, we got a value of f H 0 298 (C 5 H 9 N)=+0.75 eV which lies between the two determinations mentioned by Stewart.
As reported in Table VII , the aromaticity enthalpy we get in this way (−1.71 eV) is not too different from the value found for benzene (−1.57 eV), the two other determinations mentioned above provide −0.46 eV (semiempirical quantum method) and −3.91 eV (experiments). None of them is credible, which is a new argument in favor of the group increment method. Now, let us define the aromaticity entropy, S arom , in the same way we have defined the aromaticity enthalpy in Eq. (1): 
The entropic effect of aromaticity has rarely been discussed. Franklin 51 has predicted that changes in bond distance, symmetry, and force constants would decrease the entropy of the resonating molecule. As predicted by Franklin, we find a negative contribution to the entropy of benzene reported in Table VIII , which provides a positive contribution to the Gibbs free energy, 0.20 eV at 298 K. Now let us come back to pyridine. In order to evaluate the temperature dependence of the population of dative bonds an estimation of S arom is mandatory. Let us still use the group increment method: Table IX . Following the formalism used to define the aromaticity of benzene in Table VI, we get 
We still get a negative value: -0.72 meV K −1 , At non-zero temperature, in order to discuss the stability of different configurations, the quantity of interest is the Gibbs free energy, G=H-TS. Let us assume that the essential of the entropy difference between both configurations is caused by the aromaticity present for the dative attachment but not for the mode VIII configuration. The transition temperature is evaluated as being
Let us show that the order of magnitude is reasonable. Depending on the coverage, H calculated above (Sec. III B) varies between 0.1 and 0.24 eV while the entropy difference due to the aromaticity is 0.72.10 −3 eV K −1 . So the transition temperature varies between 139 K (concentrated solutions) and 333 K (dilute solutions).
IV. CHEMICAL POTENTIAL AND PARTIAL MOLAR HEAT OF MIXING AT LOW TEMPERATURES
A. Formalism
At constant temperature, the relevant quantity to determine the equilibrium structure is the chemical potential of pyridine, which should be the same at the surface and in the gas phase. In the gas phase, in the ideal gas approximation, the chemical potential is a function of the pyridine pressure only:
In this equation, P 0 is the standard pressure equal to 1 bar. Let us divide the chemical potential into its two components:
In this equation, H (Py) and S(Py) are, respectively, the partial molar enthalpy and the partial molar entropy of pyridine.
As we are concerned with low temperatures, we can disregard the entropic term. It is convenient to use the partial molar enthalpy of mixing defined as
In the interest of simplicity, we shall omit H 0 Py (T ), which is legitimate as we are only interested in the variation of H(Py) as a function of the composition. This quantity can be determined experimentally in a number of systems 57 (see, for example, the metal-oxygen systems 58 and metal-hydrogen systems 59 ). It can also be readily calculated from DFT packages. In the interest of simplicity, we shall discard all the quantity related to reference states, which is legitimate as we are only interested in the variation of these quantities as a function of the composition.
B. Coexistence between dative and tetra-σ structures
Now, let us sophisticate our oversimplified approach a little: we start from a single dative molecule adsorbed on a 4 × 2 cell. We have arbitrarily considered the p(2 × 2) reconstruction. We then calculate the heat release due to the adsorption of a second molecule. We have not restricted our study to the addition of another dative bond, but we have also considered the addition of a tetra-σ configuration. The minimum energy has been reached by adding another dative bond. Then we examine the heat release due to the adsorption of a third molecule on a 4 × 2 cell on which two dative bonds are already grafted. The addition of a pyridine molecule attached to Si(100) surface via a mode VI mode is the one which allows reaching the more stable situation (minimum value of FIG. 6 . Heat release due to the adsorption of a pyridine molecule on Si(100), as a function of coverage. A p(2 × 2) reconstruction has been considered. As detailed above, at low temperature, the heat release may be identified with -μ(Py), where μ(Py) is the chemical potential of pyridine. We compare the heat release in the case of the formation of a dative bond and of the formation of mode VI configuration for three initial states: there are already 0, 1, or 2 dative molecule adsorbed. In spite of the repulsive interaction between dative bonds, in the second case, the heat release is larger for the addition of a dative bond. It is only for high concentrations that the heat release is larger for the addition of a mode VI configuration. A remarkable feature is that the mode VIII configuration, which is energetically favorable in dilute solution compared to mode VI configuration, is not the most stable in presence of a dative bond. the chemical potential of pyridine or, equivalently, maximum value of the heat release as shown in Fig. 6 ). This last quantity is correlated with pressure, as apparent from Eq. (7). These results indicate that an increase of the pyridine pressure leads to the coexistence between dative and tetra-σ structure on Si(100).
C. Di-σ configurations
In Table X , we have reported some typical interaction energies involving non-dative bonds. Three types of behavior are found: strong repulsive interactions between dative bonds as developed above, moderately repulsive interactions between tetra-σ , and attractive interactions between di-σ configurations.
Up to now, we have not considered di-σ configurations.
From Table X , it is clear that interactions between di-σ configurations are attractive. Moreover, these configurations allow at least formally for a saturation coverage (one molecule for one dimer) larger than the one which can be can be reached with tetra-σ configurations (one molecule for two dimers). So we may imagine the succession of dative tetra-σ , followed by di-σ as the pyridine pressure increases.
V. COMPARISON OF EXPERIMENTAL OBSERVATIONS WITH THE THERMODYNAMIC PREDICTIONS
A. STM experiments
STM studies performed at room temperature 9, 37, 60 show that pyridine initially binds to Si(100) in a dative bonded configuration before converting slowly to a tight bridge geometry. Let us show that this observation is consistent with our thermodynamic analysis. Generally, at constant temperature and constant pressure, the equilibrium state corresponds to a minimum of the Gibbs free energy. At low temperatures, it is legitimate to discard the contribution of entropy to the Gibbs free energy. In this case, the more stable configuration is simply the configuration of lowest energy which is the dative configuration (Sec. III B). The case of high temperatures is discussed in the caption of Fig. 7 . Schematic plot of the Gibbs free energy along the reaction pathway, proposed by Kim and Cho. 13 The origin of G has been chosen equal to G(Si) + G(gaseous pyridine). At very low temperatures (i.e., if G≡H), the dative configuration is the most stable configuration represented by A, while the attachment via mode VIII is higher in energy (point D) by 0.24 eV in dilute solutions but only by 0.11 eV in concentrated solutions according to the calculations developed above (cf. Sec. III B). Let the system be heated. Because of the positive contribution -TS, we go progressively from A to B. At this point, the Gibbs free energy is the same for both configurations. In Sec. III C, we have estimated the temperature of state B to be roughly equal to 330 K for dilute solutions, and 140 K for concentrated solutions. At higher temperatures, the Gibbs free energy of the dative configuration (state C) is larger than that of mode VIII and thus, our scheme is identical to the scheme of Kim and Ho. 13 
B. Spectroscopy
-Using x-ray photoelectron spectroscopy (XPS), Tao et al. 8 have observed two peaks: one of them has been identified as corresponding to a dative attachment. The intensity of this peak decreases when the sample is heated from 180 to 350 K, suggesting a conversion from a dative bond state to another grafting mode. The unfavorable entropic contribution of the aromaticity to dative Gibbs energy may explain this result. -High-resolution electron energy loss spectroscopy (HREELS) shows the existence of Si-C σ bonds, which have lead Tao et al. to conclude that the nondative peak observed in XPS experiments corresponds to a σ bonding. -Coustel and Witkowski 61, 62 have investigated the adsorption of pyridine at room temperature at saturation coverage, by means of fully polarization resolved near-edge x-ray adsorption fine-structure spectroscopy (NEXAFS). Their spectra show that dative bond is a minor species at room temperature coexisting with at least two more grafting modes. The coexistence of several configurations is consistent with our calculations evidencing that synergies between different grafting modes could lead to decrease the chemical potential of adsorbed pyridine.
VI. SUMMARY AND CONCLUSIONS
Let us examine what can be concluded from this thermodynamic study and how the predictions could be improved.
Our analysis is based on energy DFT calculations using PBE functionals and on the use of thermodynamic measurements. The essential conclusion is that thermodynamic equilibrium seems to be reached and there is no need to invoke a kinetic factor to explain the nature of the dominant structure. More specifically:
-The role of aromaticity is ambivalent: At low temperatures and in dilute solutions, the preservation of aromaticity allows dative configuration to be more stable than all the other configurations (di and tetra-σ configurations), but at high temperature the negative contribution of aromaticity to the entropy provokes the vanishing of dative bonds. -The interactions between dative bonds are essentially repulsive. -The interactions with other configurations allow the chemical potential to decrease, which explains the coexistence with other forms such as tetra-σ adsorbed molecules.
Significant improvement of the experimental determinations of thermodynamic quantities is unlikely: calorimetry is an expensive technique and the number of working calorimeters in the world is inexorably decreasing. On the other hand, the spectroscopic methods are more and more precise and it is now be possible to work in equilibrium conditions. 63 Another source of improvement lies in the increasing availability of high performance computers, allowing for more ambitious simulations: a path is provided by the calculation of accurate adsorption energies from many-body perturbation theory. 64 In the near future, the use of hybrid functionals such as HSE06 instead of PBE (Ref. 65 ) will be at hand even for large cells. It is of interest to note that the chemical potential associated with defects has been taken into account in several recent studies concerning metals and metal oxides. [66] [67] [68] These methods could probably be used for the study of adsorption of organic molecules on Si.
